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ABSTRACT
Observations of radio relics at very high frequency (>10 GHz) can help to understand
how particles age and are (re-)accelerated in galaxy cluster outskirts and how magnetic
fields are amplified in these environments. In this work, we present new single-dish
18.6 GHz Sardinia Radio Telescope and 14.25 GHz Effelsberg observations of the well
known northern radio relic of CIZA J2242.8+5301. We detected the relic which shows a
length of ∼1.8 Mpc and a flux density equal to S14.25 GHz = (9.5±3.9)mJy and S18.6 GHz =
(7.67±0.90)mJy at 14.25 GHz and 18.6 GHz respectively. The resulting best-fit model of
the relic spectrum from 145 MHz to 18.6 GHz is a power-law spectrum with spectral
index α = 1.12 ± 0.03: no evidence of steepening has been found in the new data
presented in this work. For the first time, polarisation properties have been derived at
18.6 GHz, revealing an averaged polarisation fraction of ∼ 40% and a magnetic field
aligned with the ’filaments’ or ’sheets’ of the relic.
Key words: galaxies: clusters: individual: CIZA J2242.8+5301 – acceleration of
particles – polarisation – radio continuum: general
1 INTRODUCTION
The (re-)acceleration mechanism of relativistic particles in
the intracluster medium of galaxy clusters is still poorly
known as well as the origin of large-scale magnetic fields
in such environments.
One of the spectacular manifestations of these components
is represented by diffuse radio sources, known as radio ha-
los and relics, respectively hosted at the centre and in
the outskirts of galaxy clusters. These sources are faint
(Sν ' 0.1 − 1 µJy/arcsec2 at 1.4 GHz) synchrotron sources,
typically with steep power-law radio spectra (Sν ∼ ν−α, with
α ∼1), which extend over Mpc-scales (see van Weeren, et al.
? E-mail: francesca.loi@inaf.it
2019, for a recent review). Radio relics are usually associated
with shock waves propagating in the ICM as a consequence
of galaxy cluster merging phenomena. This coincidence (En-
sslin, et al. 1998) supports the diffusive shock acceleration
(DSA Drury 1983; Blandford & Ostriker 1978) as a mech-
anism of re-acceleration of cosmic-ray particles up to the
∼GeV energies required to explain the observed emission.
According to DSA, particles scatter from magnetic field in-
homogeneities and they cross the shock wave back and forth
gaining energy at each crossing. The DSA mechanism gen-
erates a power-law energy distribution and, if the cooling of
the particles is balanced by the injection of relativistic par-
ticles, a power-law behaviour of the flux density as a func-
tion of frequency. This trend has been observed in a large
number of radio relics suggesting that these sources are pro-
© 2020 The Authors
ar
X
iv
:2
00
8.
03
31
4v
1 
 [a
str
o-
ph
.G
A]
  7
 A
ug
 20
20
2 F. Loi et al.
duced by the DSA mechanism. Other observed characteris-
tics of radio relics are a gradual spectral index steepening
toward the cluster centre, indicating that particles are ageing
in the post-shock region, and a high degree of polarisation
across the relic which suggests that the magnetic field has
been compressed in a thin layer. Indeed, shock compression
can amplify the magnetic field component perpendicular to
the shock direction. According to the models, the different
mechanisms of magnetic field amplification can result in dif-
ferences in the observed emission properties such as the ra-
dio spectrum, the surface brightness, and the spectral index
profiles (see for example the work of Donnert, et al. 2016).
Several observations have challenged the DSA mechanism.
These observations have revealed that for some relics the
derived X-ray Mach numbers are low, namely weak shocks
with M≤3 (Brunetti & Jones 2014; van Weeren, et al. 2019).
For such weak shocks, the DSA mechanism is not efficient
enough to accelerate particles up to GeV energies from the
thermal pool (see also Botteon, et al. 2020). Only recently,
a new class of radio relics with low surface brightness, and
emissivity compatible with the standard DSA scenario might
have been discovered at low frequency using LOFAR (Lo-
catelli, et al. 2020). In some cases, the Mach number inferred
from X-ray observations and the one obtained from radio
spectra are not in agreement (see for example van Weeren,
et al. 2016). In addition, some authors have reported the
presence of a break in the spectrum, based on interferom-
teric observations, which is inconsistent with DSA (Stroe, et
al. 2016; Trasatti, et al. 2015).
All these findings motivates the search for complemen-
tary/alternative models with respect to the DSA to explain
the observed emission. In particular, it has been proposed
that nearby active galactic nuclei can inject cosmic-ray elec-
trons (Enßlin & Gopal-Krishna 2001), a scenario confirmed
in some cases (Bonafede, et al. 2014; van Weeren, et al.
2017; Botteon, et al. 2019), or that the injection is caused by
powerful galactic wind (Vo¨lk & Atoyan 1999). Spherically-
expanding shocks with fossil particle populations (Kang &
Ryu 2015) re-accelerated through DSA can generated curved
spectra, while a non-uniform magnetic field in the relic re-
gion (Donnert, et al. 2016) could cause a steepening in
the radio spectrum. Multiple shocks along the line-of-sight
(Hong, Kang & Ryu 2015, and reference therein) can explain
the inconsistency between X-ray and radio derived Mach
numbers. However, the modelling proposed by Hong, Kang
& Ryu (2015) and Donnert, et al. (2016) in the framework
of the DSA does not solve the low efficiency problem which
makes the acceleration of particles from the thermal pool
unrealistic.
The inconsistency between the X-ray and radio derived
Mach numbers (see for example van Weeren, et al. 2010;
Akamatsu, et al. 2015, for radio and X-ray derived Mach
number), and the steepening in the flux density spectrum
(Stroe, et al. 2016) was also observed for the northern relic
of the galaxy cluster CIZA J2242.8+5301. This cluster (red-
shift z=0.1921) was discovered in the X-rays by Kocevski, et
al. (2007), while its diffuse radio sources, a central radio halo
and a pair of opposite radio relics, were discovered by van
Weeren, et al. (2010). Its northern relic is one of the most fa-
mous and extensively studied radio relics (van Weeren, et al.
2010; Stroe, et al. 2013, 2014, 2016; Loi, et al. 2017; Hoang,
et al. 2017; Kierdorf, et al. 2017; Di Gennaro, et al. 2018)
and it is often considered a textbook example of radio relics
because of its ∼2 Mpc arc-shaped morphology and uniform
brightness along its length.
Interferometric measurements of the northern relic at
15.85 GHz and 30 GHz (Stroe, et al. 2016) obtained with the
Arcminute Microkelvin Imager (AMI, Zwart, et al. 2008)
and Combined Array for Research in Millimeter-wave As-
tronomy (CARMA, Scott, et al. 2004) telescopes, triggered
the search for alternative physics, as they indicated a steep-
ening of the spectrum which is not compatible with the stan-
dard DSA model. Nevertheless, it should be noted that, es-
pecially at high frequency, interferometric observations can
suffer from the missing zero baseline problem. While single-
dish telescopes can retain angular structures as large as the
observed area, interferometers can detect a maximum angu-
lar structure corresponding to their minimum baseline, since
their minimum baseline is not equal to zero as in the case
of single-dish. This means that interferometric observations
are not able to fully recover the flux density of very extended
sources. In particular, AMI small array (SA) and large ar-
ray (LA) observations at 15.85 GHz have a corresponding
large angular scale θLAS ∼ 11 arcmin and θLAS ∼ 2 arcmin
respectively. CARMA at 30 GHz was blind to scales above
θLAS ∼3.5 arcmin. The northern relic covers an angular scale
larger than 11 arcmin. Therefore, even if Stroe, et al. (2016)
tried to correct for this effect, obtaining reliable flux density
measurements from these telescopes is an hard task.
Kierdorf, et al. (2017) excluded a possible steepening be-
tween 153 MHz and 8.35 GHz and model the radio relic with
a power-law with a spectral index α ∼0.9 while DSA predicts
α > 1. In a previous work (Loi, et al. 2017), we established,
using data between ∼300 MHz and ∼8 GHz that the CIZA
J2242.8+5301 northern relic spectral behaviour was consis-
tent with the DSA model in this frequency range assuming a
continuous injection of relativistic particles. From the spec-
tral modelling, we also derived a Mach number consistent
within the errors with the X-ray estimate (Akamatsu, et al.
2015). However, the uncertainty about the relic behaviour
at higher frequency remained.
In this work, we show the results of a large observing pro-
gram (code: 72-19, P.I. Francesca Loi) conducted at the Sar-
dinia Radio Telescope facility (SRT, Bolli, et al. 2015; Pran-
doni, et al. 2017) aiming at observing this famous relic at
18.6 GHz with the 7-feed K band receiver of this single-dish
telescope in full-Stokes mode. We also present 14.25 GHz
data acquired with the Effelsberg single-dish telescope (code:
73-19, P.I. Rainer Beck).
In Sect. 2, we describe the observational set up, the data
reduction and the imaging procedure for both total inten-
sity and polarised intensity images. In Sect. 3, we show the
resulting total intensity image and the measurement of the
relic flux, and compare these value with literature data. In
Sect. 4, we discuss the Sunyaev-Zel’dovich effect (SZ, Sun-
yaev & Zeldovich 1972, 1980) which could affect our mea-
surements and based on the expected/observed contamina-
tion we give a rough estimate of the magnetic field in the
relic region. In Sect. 5, we show the polarised intensity image
and we discuss the polarimetric properties of the detected
sources. In Sect. 6, we discuss our findings and draw the
conclusions.
Throughout this paper, we assume a ΛCDM cosmology with
H0 = 71 km · s−1 ·Mpc−1 , Ωm = 0.27, and ΩΛ = 0.73. At the
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Table 1. Details about the SRT observations.
Date Obs. time Calibrators Number of maps
12 Jan 2020 8 hrs 3C286, 3C84 8 RA + 8 Dec
24 Jan 2020 7 hrs 3C286, 3C84 11 RA + 10 Dec
01 Feb 2020 8 hrs 3C286, 3C84 10 RA + 10 Dec
04 Feb 2020 10 hrs 3C286, 3C84 11 RA + 11 Dec
06 Feb 2020 8 hrs 3C147, 3C84, 3C138 8 RA + 8 Dec
07 Feb 2020 8 hrs 3C286, 3C84 11 RA + 11 Dec
08 Feb 2020 8 hrs 3C286, 3C84 8 RA + 8 Dec
09 Feb 2020 8 hrs 3C286, 3C84 11 RA + 11 Dec
11 Feb 2020 11 hrs 3C147, 3C84, 3C138 6 RA + 6 Dec
12 Feb 2020 8 hrs 3C286, 3C84 10 RA + 10 Dec
26 Feb 2020 11 hrs 3C286, 3C84 13 RA + 13 Dec
27 Feb 2020 13 hrs 3C286, 3C84 17 RA + 17 Dec
28 Feb 2020 13 hrs 3C286, 3C84 17 RA + 17 Dec
29 Feb 2020 7 hrs 3C286, NGC7027 10 RA + 10 Dec
10 Mar 2020 6 hrs 3C286, 3C84 9 RA + 9 Dec
14 Mar 2020 8 hrs 3C286, 3C84 12 RA + 12 Dec
15 Mar 2020 8 hrs 3C286, 3C84 11 RA + 11 Dec
19 Mar 2020 10 hrs 3C147, 3C84, 3C138 14 RA + 14 Dec
24 Mar 2020 9 hrs 3C147, 3C84, 3C138 11 RA + 11 Dec
25 Mar 2020 6 hrs 3C48, 3C147 8 RA + 8 Dec
26 Mar 2020 7 hrs 3C48, 3C84, 3C138 9 RA + 9 Dec
02 Apr 2020 8 hrs 3C286, 3C84 11 RA + 11 Dec
03 Apr 2020 6 hrs 3C48, 3C84, 3C138 5 RA + 5 Dec
04 Apr 2020 10 hrs 3C286, 3C84 16 RA + 16 Dec
10 Apr 2020 8 hrs 3C286, 3C84 12 RA + 14 Dec
14 Apr 2020 11 hrs 3C147, 3C84, 3C138 11 RA + 11 Dec
16 Apr 2020 10 hrs 3C286, 3C84 14 RA + 14 Dec
redshift of CIZA J2242.8+5301 (z=0.1921), 1 arcmin corre-
sponds to 189.9 kpc.
2 OBSERVATIONS AND DATA REDUCTION
2.1 SRT observations
We used the 7-feed K-Band receiver of the SRT to observe
at a central frequency of 18.6 GHz inside a bandwidth of
1200 MHz. These data were acquired with the SArdinia
Roach2-based Digital Architecture for Radio Astronomy
back end (Sardara, Melis, et al. 2018) using 1500 MHz
bandwidth and 1024 channels of 1.46 MHz width in full-
Stokes mode.
The observations have been carried out between January
and April 2020, for a total of 240 hours divided in 27 slots
of about 6-12 hours each. A summary of the observing
program is reported in Table 1. During each slot, we
observed the primary calibrator 3C286 (or 3C147 if the
former was not available) to calibrate band pass and
flux density scale. We performed sky dips to derive the
trend of the system temperature with elevation during
our observations. We then modelled the Tsys trend with
the airmass model to obtain the zenithal opacity, τ. The
values of τ derived from the sky dip were generally in good
agreement with those provided by the radiometer working
at the SRT site (Buffa, et al. 2017). We also used the
calibrator 3C286 as a reference for the absolute polarisation
position angle (we assumed the values from Perley & Butler
2013). If 3C286 was not available, we used 3C138 instead.
The sources 3C84 and NGC7027, that we considered to be
completely unpolarised, were used to correct for the on-axis
instrumental polarisation. The northern relic of CIZA
J2242.8+5301 was observed with the on-the-fly strategy
in the equatorial frame, covering an area of 21×15 arcmin2
centred on the relic centre (R.A. 22h 42m 58s, Dec. +53d
07m 12s). To facilitate the removal of the scan noise, we
acquired orthogonal on-the-fly maps along the RA and
DEC directions. Individual sub-scans within these maps are
separated by 15 arcseconds, in order to sample the FWHM
of the SRT beam with about 4 pixels along each direction.
We performed the data reduction and the imaging with
the proprietary software package Single-dish Spectral-
polarimetry Software (SCUBE, Murgia, et al. 2016).
We used a standardised pipeline for the calibration and
imaging: we excised all the RFIs at well known specific
frequencies and we applied an automatic flagging procedure
to remove the remaining RFIs. We then determined the
opacity, we subtracted the calibrator baselines with a linear
fit of each scan based on the first and last 10% of the
data, we determined the bandpass solution, we gridded the
calibrators in a regular grid with a pixel size of 15 arcsec,
and we used the resulting images to fit a 2D-Gaussian to
determine the flux scale and the leakage terms.
Our primary goal is to image the emission of the relic
and the point sources in the field-of-view of target. Since
we are uninterested to retain any large scale foreground
emission, in the data of the target we removed the base-
line scan-by-scan by fitting a 2nd order polynomial to
the ”cold-sky” regions devoid of both discrete sources
and of the galaxy cluster extended emission (relics and
halo). These cold-sky regions are identified using a mask
created with the 1.4 GHz SRT+WSRT image presented
in Loi, et al. (2017), convolved with a beam FWHM of
1 arcmin. In this way, we removed the baselevel related
to the receiver noise, the atmospheric emission, and the
large scale foreground sky emission. We then imaged the
spectral cubes using a regular grid of 15 arcsec of pixel
size and we averaged all the spectral channel to increase
the signal-to-noise ratio. The images from all the observing
slots are stacked together to reduce the noise level. We
stack the RA and DEC scans by mixing their stationary
wavelet transform (SWT) coefficients (see Murgia, et al.
2016). The de-stripping resulting from the SWT stacking is
effective in isolating and removing the noise along the scan
direction. After the first stack was completed, we returned
to the individual images using the higher signal-to-noise
image as a reference model to flag all residual low-level
RFIs or small-scale atmospheric fluctuations that were
not captured at the flag and baseline removal stages. This
refined flagging step significantly improved the quality of
the images. In order to verify the consistency of the flux
density scale calibration between all the different observing
slots, we performed a self-calibration procedure using the
cluster central source (R.A. 22h 42m 51.30s, Dec. +53d
04m 41.40s) as reference. We assumed that this source
has a stable flux density of 8.8 mJy and, by mean of a 2D
Gaussian fit to this source, we calculated a correction factor
for each observing slot. By analysing the results of the
self-calibration procedure, we deduced that the rms scatter
of the flux density calibration scale through our project is of
about ∼10%. This scatter could be assumed as an estimate
MNRAS 000, 1–11 (2020)
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for our systematic uncertainty of the flux density calibration.
The polarised image has been obtained after correcting
for the leakage term determined with 3C84 (or NGC7027).
We calibrated the polarised angle and fraction with 3C286
(or 3C138). To perform the imaging of the Q and U Stokes
parameters, we followed the same steps described above for
the total intensity. The images of the polarised intensity P
and the polarisation angle Ψ have been derived from the
Stokes parameters solving for the following equations:
P =
√
Q2 + U2, (1)
Ψ = 0.5 · arctan U
Q
. (2)
We also corrected the polarisation images for the Rician bias
(see Murgia, et al. 2016).
The maximum Rotation Measure observed for this relic (see
Loi, et al. 2017; Kierdorf, et al. 2017) is RM=-400 rad m−2.
At 18.6 GHz this would cause a rotation of the polarisation
plane of ∆Ψ ∼6 deg. Therefore, it is unlikely that our signal
can undergo significant depolarisation effect but it is indeed
very close to the intrinsic polarisation properties of the relic.
2.2 Effelsberg observations
We also observed the northern relic of CIZA J2242.8+5301
with the new two-horn Ku-band receiver of the Effelsberg
100-m telescope that provides two channels of 2.5 GHz band-
width each, centred on 14.25 GHz and 16.75 GHz. The sys-
tem temperatures are 33 K and 44 K. In December 2019
and January 2020 we obtained 12 coverages of a field of
12×9 arcmin2 by scanning (”on-the fly”) in alternating RA
and DEC directions. The total on-source observation time
was 7 hours. Data processing (RFI removal, baselevel cor-
rections, and combination of the coverages in RA and DEC
with the ”basket weaving” technique) was performed with
the NOD3 software package (Mu¨ller, et al. 2017) using
3C147 or 3C48 as flux density calibrators. The final image
at 14.25 GHz with a resolution of 49 arcsec has a rms noise
of 1 mJy beam−1. To increase the signal-to-noise ratio, we
smoothed the image to 72 arcsec.
In the second channel centred at 16.75 GHz no signifi-
cant signal could be detected. The second horn is separated
in azimuthal direction by 3.85 arcmin and can be used to re-
duce weather effects. As this requires scanning larger areas
in azimuthal direction and the weather was excellent, this
method was not used. The linear polarisation signal was also
recorded, but was too weak due to the relatively short ob-
servation time.
3 TOTAL INTENSITY RESULTS AND
ANALYSIS
3.1 SRT image and analysis
Fig. 1 shows the resulting 18.6 GHz SRT image obtaining
by averaging the data between 18 GHz and 19.2 GHz. The
noise is 0.13 mJy beam−1, the beam size is 0.9 arcmin. Solid
contours are drawn from 3σ increasing by a factor of
√
2,
while dashed contours are the negative -3σ contours.
We clearly detected the emission associated to the bright-
est radio sources in the field including the northern relic
which extends over a length of ∼1.8 Mpc with a deconvolved
width ranging from ∼40 kpc up to ∼160 kpc. The relic surface
brightness is not homogeneous across the arc, remarking the
filamentary structure observed for the first time at 1.5 and
3 GHz (Di Gennaro, et al. 2018).
In the central part of the image, we can observe the two radio
galaxies (labelled D and E in Fig. 7 of Loi, et al. 2017) which
are unresolved at our beam resolution. A patch of radio emis-
sion is located eastwards from the centre. We noticed that
this structure does not correspond to the candidate relic ob-
served at lower frequencies (see Hoang, et al. 2017) and that
it can be seen only in the LOFAR 145 MHz low-resolution
(i.e. 35 arcsec) image.
Fig. 2 shows the positive contours of Fig. 1 overlaid on the
WSRT+SRT 1.4 GHz total intensity image reported in Loi,
et al. (2017). A gray arrow indicates the eastern structure
mentioned above.
Fig. 2 also shows a blue contour, traced following the 3σ con-
tours of the 18.6 GHz image, which indicates the northern
relic area. We measured the flux density of the relic inside
this region which covers an area of 13 beam areas. Similar to
what has been done in Kierdorf, et al. (2017), using the same
region, we evaluated the residual base level of the image by
computing the mean of the surface brightness in 10 different
regions of the image with no obvious source. The resulting
mean surface brightness computed from these 10 regions is
∼4.5 µJy beam−1 and the associated rms is ∼75 µJy beam−1.
The base level correction factor of the image is given by this
mean multiplied by the number of beams of the relic region,
and corresponds to 58.5 µJy. We compute the error on the
flux density as:
∆Sν =
√
(f · Sν)2 + σ2 · NBEAM + (∆BL)2, (3)
where f is the systematic flux uncertainty that we assume
to be equal to 10 %, σ is the noise image and NBEAM is the
number of beam corresponding to the relic area. ∆BL is the
error associated to the base level correction which is equal to
the rms of the regions divided by the square root of NBEAM.
The flux density of the relic at 18.6 GHz corrected for the
base level is:
S18.6 GHz = (7.67 ± 0.90)mJy. (4)
3.2 Effelsberg image and analysis
Fig. 3 shows the 14.25 GHz Effelsberg image, convolved at a
resolution of 72 arcsec, shown in the bottom left corner. The
noise in this image is 0.5 mJy beam−1. Solid contours are
drawn from 3σ increasing by a factor of
√
2, while dashed
contours are the negative -3σ contours.
In this image, we detected the central sources of the cluster,
namely the D and E sources, and patches associated with
the northern radio relic of CIZA J2242.8+5301.
Using the same blue region of Fig. 2, we evaluated the relic
flux in the 14.25 GHz Effelsberg image at its original resolu-
tion of 49 arcsec. At 14.25 GHz, the relic flux is:
S14.25 GHz = (9.5 ± 3.9)mJy. (5)
MNRAS 000, 1–11 (2020)
Observations of CIZA J2242.8+5301 northern relic 5
Figure 1. 18.6 GHz SRT total intensity image between 18 and 19.2 GHz. Contours start at 3σ where σ=0.13 mJy beam−1 and increment
with a
√
2 factor. Dashed contours are negative contours drawn at -3σ. The beam size is shown in the bottom left corner of the image,
its FWHM corresponds to ∼0.9 arcmin.
Figure 2. 1.4 GHz WSRT+SRT total intensity image from Loi,
et al. (2017) with the positive contours of Fig. 1. The blue contour
indicates the region where we estimated the flux density of the
relic.
3.3 Spectral fitting
Fig. 4 shows the flux density of the relic as a function of
frequency. We included our 14.25 GHz and 18.6 GHz mea-
surements as a green and red dot respectively to the most
updated results in the literature (Kierdorf, et al. 2017; Loi,
et al. 2017; Hoang, et al. 2017; Di Gennaro, et al. 2018)
shown as black dots. More details about the measurements
are in Table 2. These data have been modelled with a power
law spectrum which resulted to be the best-fit model, with
a reduced chi-square χ2ν = 0.26. In the fitting procedure, we
did not include the interferometric measurements at 16 and
30 GHz by Stroe, et al. (2013) because we suspected that
a significant fraction of the flux density could be missed in
these estimates due to the lack of sensitivity at scales larger
than their minimum baseline.
We measured again the flux at 6.6 GHz considering now a 3σ
threshold instead of 5σ (see Loi, et al. 2017, for the details
about this measurement). The resulting integrated spectral
index calculated between 145 MHz and 18.6 GHz is:
α = 1.12 ± 0.03, (6)
and confirms what found in recent works over a smaller fre-
quency range (i.e. between 145 MHz and 2.2 GHz, and be-
tween 1.5 and 3 GHz as reported by Hoang, et al. 2017; Di
Gennaro, et al. 2018, respectively). Our measurements ex-
MNRAS 000, 1–11 (2020)
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Figure 3. 14.25 GHz Effelsberg total intensity image between 13.0 and 15.5 GHz. Positive contours (solid line) start at 3σ where
σ = 0.5 mJy beam−1 and increase with a factor of
√
2 while negative contours at shown at -3σ (dashed line). The beam size is shown in
the bottom left corner, its FWHM corresponds to 72 arcsec.
Table 2. Flux density measurements of the CIZA J2242.8+5301
northern relic shown in Fig. 4. The measurement at 6.6 GHz has
been repeated considering a 3σ threshold.
frequency [GHz] Sν [mJy] Reference
0.145 1637±168 Hoang, et al. (2017)
0.153 1488±171 Hoang, et al. (2017)
0.323 646±71 Hoang, et al. (2017)
0.608 337±35 Hoang, et al. (2017)
1.221 148±16 Hoang, et al. (2017)
1.382 140±14 Hoang, et al. (2017)
1.4 126±12.6 Loi, et al. (2017)
1.5 128.1±12.81 Di Gennaro, et al. (2018)
1.714 106±11 Hoang, et al. (2017)
2.272 72±8 Hoang, et al. (2017)
3 56.1±5.61 Di Gennaro, et al. (2018)
4.85 32±8 Kierdorf, et al. (2017)
6.6 19.6±2.3 Loi, et al. (2017)*
8.35 17±5 Kierdorf, et al. (2017)
14.25 9.5±3.9 This work
16 1.2±0.5 Stroe, et al. (2016)
18.6 7.67±0.90 This work
30 0.6±0.3 Stroe, et al. (2016)
clude a possible steepening of the relic spectrum up to a
frequency of 19 GHz.
4 SUNYAEV-ZEL’DOVICH DECREMENT
Observations at high-frequency (i.e. >10GHz) can be af-
fected by the Sunyaev-Zel’dovich (SZ) effect which consists
in a inverse-Compton interaction between cosmic microwave
background (CMB) photons and thermal ICM particles.
As a result, the synchrotron emission associated to cluster-
embedded sources is reduced from true values because the
background CMB emission is shifted towards higher frequen-
cies (see Birkinshaw 1999) adding a ”negative” contamina-
tion to the flux density of cluster-embedded sources.
We can reasonably assert that the measurements presented
in this work are not affected by the large-scale radial SZ
decrement since such an effect would be mitigated in the
baseline subtraction procedure. Nevertheless, as described
by Basu, et al. (2016), a sharp pressure jump due to a
shock is expected to generate a ”localized” SZ small-scale
decrement at the observed frequencies and it is reasonable
that our images are affected by this contamination (even if
we remark that in the case of the northern relic of CIZA
J2242.8+5301, the surface brightness and pressure jump
were not clearly detected (but see Ogrean, et al. 2014)).
Even if we do not have a direct measurement of the SZ at the
position of the shock, we could try to estimate the expected
decrement at 18.6 GHz from numerical simulation. Accord-
ing to Basu, et al. (2016) the Comptonization parameter y
at the relic location exceeds by -1.4×104 with respect to the
radial y trend which we assume to have been absorbed by
the baseline subtraction. Using Eq. 3 by Basu, et al. (2016)
to compute the expected negative surface brightness asso-
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Figure 4. The CIZA J2242.8+5301 northern relic flux density as
a function of frequency. Black dots are measurements from the
literature, while the green and red dots are the 14.251,GHz and
18.6 GHz measurement presented in this work. The power-law
best-fit is shown as a solid blue line. The two empty points are
measurements from Stroe, et al. (2016) which we did not include
in the fitting procedure.
ciated to the CMB inverse-Compton emission, after multi-
plying this quantity by the number of beam area covered by
the relic to derive the flux density SSZ, we can compute the
SZ decrement at 18.6 GHz as follows:
∆SSZ = −2 y SSZ = −0.9 mJy. (7)
This value corresponds to the uncertainty associated with
our measurement. At 14.25 GHz the decrement is equal to
-0.3 mJy. This means that it is very hard to detect a SZ
decrement in our images and in fact we do not see any ev-
ident deviation from the power-law trend in the relic flux
density spectrum. We can fix the -11.7% (which is ∆SSZ at
18.6 GHz divided by the relic flux density) as an upper-limit
of the contamination due to the SZ effect, assuming that no
other effects are contributing to compensate it. Considering
Eq. 15 by Basu, et al. (2016) reported below:(
Srelicν
∆SSZ
)
' −9 · 104 ·
(
ξe/p
0.05
)
·
(
M
3
)
·
(
Tu
1 keV
)1/2
·
(
W
100 kpc
)−1
·(1 + z)−(4+δ/2) ·
B1+δ/2relic
B2CMB + B
2
relic
·
(
ν
1.4 GHz
)−(2+δ/2)
,
(8)
we can then tentatively investigate how the magnetic field in
the relic region Brelic changes with the Mach number M as-
suming the previous SZ decrement upper-limit. In the above
formula, Srelicν /∆SSZ is the SZ decrement in percentage fixed
to -11.7%, ξe/p is the ratio between relativistic protons and
electron that we fix equal to 0.0026 according to Kang, Ryu
& Jones (2012), Tu is the upstream temperature equal to
Figure 5. Magnetic field strength versus Mach number. See Eq.
8.
2.7 keV (Akamatsu, et al. 2015), W is the relic width that is
equal to ∼100 kpc (see Sect. 3), δ is the spectral index of the
relativistic particle distribution assumed to be equal to 4.2
(Kang, Ryu & Jones 2012), BCMB=3.24(1+z)2 µG. We stress
that many approximations have been done to derive this
formula, for instance it is assumed that the relic is perfectly
seen edge-on. However, this simplified formula can give us an
alternative way to estimate of the magnetic field strength in
the relic region. The blue line in Fig. 5 shows the relic mag-
netic field values at different Mach number at ν = 18.6 GHz.
This has been derived computing the resulting Mach number
values at different magnetic field. We draw dotted vertical
lines at the X-ray and radio derived Mach number. To these
values corresponds a magnetic field strength of Brelic ∼3-
4 µG, which is an intermediate value between what found by
van Weeren, et al. (2010), Brelic ∼ 5 − 7 µG, and Kierdorf, et
al. (2017), Brelic ∼ 2.4 µG, by fitting the radial profile of the
relic and with equipartition arguments respectively.
5 POLARISATION PROPERTIES AT 18.6 GHZ
Fig. 6 shows the polarised intensity associated with the
northern and central part of the galaxy cluster CIZA
J2242.8+5301 detected at 18.6 GHz with the SRT. This is
the first polarised image of a radio relic at these frequen-
cies and it is fundamental to evaluate its intrinsic polarisa-
tion properties which are strongly related to the local mag-
netic field. Contours are the total intensity contours already
shown in Fig. 1. The length and the orientation of the over-
laid vectors represent the intensity and the orientation of the
radio wave electric field vectors. We draw them considering
all pixels with a total intensity larger than 3σ, which also
have a fractional linear polarisation SNR>2 and errors on
the polarisation angle smaller than 15 degrees.
MNRAS 000, 1–11 (2020)
8 F. Loi et al.
The E-field vectors are aligned perpendicular to the relic
filaments. This has already been observed at other frequen-
cies, namely at 4.9 GHz (van Weeren, et al. 2010), at 6.6 GHz
(Loi, et al. 2017), at 4.85 and 8.35 GHz (Kierdorf, et al.
2017), and it is expected in presence of a shock wave. Vi-
sually, only the magnetic field lines at 90 degrees from the
line-of-sight are observed, while we are blind to the other
magnetic fields components, since the resulting E-vectors
are not propagating towards us. The ”observable” magnetic
fields lines are aligned with the shock surface and the E-
vectors are perpendicular to it. We note that, if the magnetic
field would already have been aligned on large scales, its
non-zero components would be perpendicular to the shock
direction, generating E-vectors similar to what observed in
the previous case. Therefore, we cannot distinguish between
a large-scale ordered magnetic field and a turbulent mag-
netic field structure in the presence of a shock wave which
compress the magnetic field in a thin layer.
Fig. 7 shows the polarisation fraction computed in 9 boxes
with size corresponding to the beam size located from east
to west across the relic. The average polarisation fraction
at this resolution is equal to (47±13)%. We detected the po-
larised signal associated to the D and E sources at the centre
of the cluster which shows a mean polarisation fraction of
∼ 12%. The eastern structure is strongly polarised, with an
average polarisation fraction of ∼70%.
6 DISCUSSION AND CONCLUSIONS
The northern relic of CIZA J2242.8+5301 is a privileged site
to study the acceleration of relativistic electrons by merger
shocks in the ICM. Even if it is one of the most cited radio
relics, it has posed a lot of questions since its discovery, and
it has challenged the standard model of shock acceleration
in cluster outskirts. With this work, we have shown that
the radio relic spectral behaviour is well modelled with a
power-law from 145 MHz up to 19 GHz. The measurements
presented in this work constitute clear evidence that there
is no steepening at high frequencies at variance with earlier
claims (Stroe, et al. 2016). The inconsistency between this
measurement and the 16 GHz and 30 GHz taken with the
AMI and CARMA interferometers is mostly likely due to
the lack of sensitivity of these interferometers on scales
larger than their minimum baseline. It is clear that interfer-
ometers can miss flux associated with sources extended on
large angular scales and therefore might not be sufficient in
the study of extended sources, making a combination with
single-dish observations essential.
As reported by Basu, et al. (2016), high-frequency ob-
servation of radio relic can be affected by a SZ decrement
due to the pressure jump caused by the shock wave. As we
know, the pressure and surface brightness X-ray discontinu-
ity has not clearly observed for this relic. However, from the
modelling of Basu, et al. (2016) we can
We know that in the context of the DSA (Hoeft &
Bru¨ggen 2007), from the fitted integrated spectral index,
we can derive the Mach number as:
M =
√
α + 1
α − 1 . (9)
According to what found in this work, the Mach number
should be M=4.2+0.4−0.6. This value is significantly different
from what derived with X-ray observations (MX = 2.7+0.7−0.4,
Akamatsu, et al. 2015). However, as also previous works
highlighted (Hoang, et al. 2017; Di Gennaro, et al. 2018),
deriving the Mach number from the integrated spectral
index can lead to significant errors in some cases. Indeed,
the previous formula has been derived under the assumption
that the properties of the shock and the downstream gas
remain constant during the electron cooling. Recent cosmo-
logical simulations of radio relics by Wittor, et al. (2019)
have shown that both the Mach number and the magnetic
field are not uniform across the shock front. Furthermore,
they showed that the downstream magnetic field is by far
not constant. By comparing spectral index measurements
from observations and simulation, Rajpurohit, et al. (2020)
argued that the spectral index is most-likely biased by the
high value tail of the underlying Mach number distribution.
A better way to estimate the Mach number is to evaluate
it from the injected spectral index, measuring this quantity
in the injection region from images at very high-resolution
or from the color-color diagram in case of projection effect.
Following Ensslin, et al. (1998), we can use our polarised
image to investigate the possible projection of the relic in the
framework of the DSA.
Under the assumption of a weak magnetic field in the relic
region, i.e. if the magnetic pressure is lower than the gas
pressure, the average fractional linear polarisation < Π > is
a function of the viewing angle θ as:
< Πweak >=
3γ + 3
3γ + 7
sin2 θ
2R2
R2−1 − sin2 θ
, (10)
where R is the compression ratio defined as:
R =
α + 1
α − 12
, (11)
and γ is the spectral index of the electron power-law like
energy distribution, with γ = 2α+1. On the other side, if
the magnetic field pressure is higher that the gas pressure,
we have:
< Πstrong >=
3γ + 3
3γ + 7
sin2 θ
2
15
13R−7
R−1 − sin2 θ
. (12)
The scalar mean <Π> of the fractional polarisation is eval-
uated from the Q, U, and I Stokes parameters averaged over
the entire relic area. If the shock relic is seen edge-on, i.e.
forming a viewing angle of 90 degrees, then we observe its
maximum averaged polarisation fraction, since the polarised
signal is due to the amplified magnetic field vector compo-
nents along the shock direction. For a relic seen face-on, the
magnetic field vector components which are illuminated by
the relic relativistic particles are not aligned, therefore we
observe a null averaged polarisation fraction. This is shown
in Fig. 8, where we plot the polarisation fraction as a func-
tion of the viewing angle in the case of weak (blue) and
strong (red) magnetic fields, assuming α = 1.12.
We measured the scalar mean of the polarisation fraction
which is equal to <Π>=(42±17)%. This value is slightly dif-
ferent from what reported in the previous section since there
we measured the mean polarisation fraction from values ob-
tained within beam size regions, while here we computed the
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Figure 6. 18.6 GHz SRT polarised intensity image between 18 and 19.2 GHz. Contours are the same as the total intensity contours
shown in Fig. 1. Vectors represent the intensity and the orientation of the E-field. They have been traced for pixels with a total intensity
larger than 3σ, a fractional linear polarisation SNR>2, and an error on the polarisation angle smaller than 15 degrees.
Figure 7. Polarisation fraction computed in boxes with size cor-
responding to the beam size. The dashed line shows the mean
value reported in the bottom left corner of the plot.
mean from Q, U, and I averaged over the entire relic region.
Using the geometrical argument of Ensslin, et al. (1998), we
computed a viewing angle of 33 degrees which means that
the shock direction is forming an angle of 57 degrees with re-
spect to the plane of the sky. A black dot shows this estimate
in Fig. 8. It is clear that the assumption of a spherical geom-
etry of the shock wave is a simplification of the real shock
geometry. For this reason is not surprising that the black dot
is far from the plotted curves. Nevertheless, according to the
measured value of polarization fraction we can see that the
radio relic is not perfectly seen edge-on, but we are observ-
ing it from a viewing angle between 45 and 80 degrees, i.e.
the relic could be inclined with respect to the plane of the
sky by an angle ranging from 10 to 45 degrees. Numerical
simulation of this relic (van Weeren, et al. 2011) determined
that the shock direction is inclined with respect to the plane
of the sky by an angle .10 degree. This estimates is shown
as a black triangle in the plot.
The interpretation of the mean polarised fraction in
the framework of the DSA confirms that the relic is not
seen perfectly edge-on and can explain the inconsistency
between X-ray and radio derived Mach number. In addition,
it is important to mention that X-ray observations do not
clearly confirm the presence of a shock wave, since the shock
has been only observed as a jump in temperature but not
in the surface brightness (<2σ detection, see Ogrean, et al.
2014). Shock waves with Mach number M∼3 should show a
significant jump in the X-ray surface brightness profile.
Another question which needs to be answered is what
is the source of cosmic-ray electrons. As already pointed out
in the Introduction, shock waves with weak Mach number
cannot efficiently accelerate particles from the thermal pool
(Brunetti & Jones 2014; van Weeren, et al. 2019). Therefore,
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Figure 8. Polarisation fraction as a function of the viewing angle
in the case of weak (blue) and strong (red) magnetic fields.
also for this particular case, we expect that a pre-existing
relativistic particle population has been re-accelerated
through the DSA mechanism at the shock passage. Due to
the large extension of the relic, it is unlikely that the two
nearby radio galaxies can supply such relativistic electrons.
Nevertheless, fossil particles, injected by galaxies which are
no longer active, may have accumulated in the relic area
during the past history of the cluster. A multiple shock
(Hong, Kang & Ryu 2015) structure along the line-of-sight
could be the responsible of the (re-)acceleration of such
fossil particles in the northern relic of CIZA J2242.8+5301.
This would also explain the inconsistency between radio
and X-ray derived Mach numbers. Interestingly, Ogrean, et
al. (2014) identified additional inner small density disconti-
nuities both on and off the merger axis with Chandra data,
which could be interpreted, as suggested by the authors, as
shock fronts.
To summarise, we presented new measurements of the
northern radio relic of CIZA J2242.8+5301 obtained with
the Effelsberg and the SRT single-dish telescopes. We found
a flux density of S14.25 GHz = (9.5 ± 3.9)mJy and S18.6 GHz =
(7.67 ± 0.90)mJy at 14.25 GHz with the Effelsberg and
18.6 GHz with the SRT telescopes respectively. The best-fit
modelling of the radio relic spectrum between 143 MHz and
19 GHz is a power-law with spectral index α = (1.12 ± 0.03).
Our measurements exclude a possible steepening of the relic
spectrum up to a frequency of 19 GHz. We estimated the
possible SZ contamination and we determined that the ex-
pected decrement both at 14.25 GHz and at 18.6 GHz would
be within the uncertainty associated with our measurements.
Assuming the modelling of Basu, et al. (2016), we also in-
ferred a rough estimate of the magnetic field in the relic
region based on the derived SZ decrement upper-limit at
18.6 GHz and this resulted to be Brelic ∼ 3 − 4 µG, a value
close to what found in previous works with different ap-
proaches (van Weeren, et al. 2010; Kierdorf, et al. 2017).
For the first time, we also detected the polarised intensity
associated to the relic at 18.6 GHz. The mean polarisation
fraction calculated in boxes of the same beam size of the
image is equal to (47±13)% while the scalar mean computed
over the entire relic area, dividing the mean polarized inten-
sity by the mean total intensity, is equal to (44±18)%. In the
last paragraphs, we speculated about the origin of this radio
relic. We suggested that this relic emission could be due to
a fossil plasma re-accelerated by a multiple shock structure
which is propagating in a direction inclined with respect to
the plane of the sky. High-resolution and high-frequency po-
larised radio images as well as deep X-ray images could help
to constrain the viewing angle and the shock structure of
the relic respectively, allowing us to validate the proposed
scenario.
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